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Murine gammaherpesvirus 68 (MHV-68) is genetically related to the human gammaherpesviruses, Kaposi’s
sarcoma-associated herpesvirus (KSHV/HHV-8) and Epstein-Barr virus (EBV). It has been proposed as a
model for gammaherpesvirus infection and pathogenesis. Open reading frame 31 (ORF31) is conserved among
the Beta- and Gammaherpesvirinae subfamily, and there is no known mammalian homologue of this protein.
The function of MHV-68 ORF31 and its viral homologues has not yet been determined. We described here a
primary characterization of this protein and its requirement for lytic replication. The native MHV-68 ORF31
was detected at peak levels by 24 h postinfection, and the FLAG-tagged and green fluorescent protein fusion
ORF31 were localized in the cytoplasm and nucleus in a diffuse pattern. Two independent experimental
approaches were then utilized to demonstrate that ORF31 was required for lytic replication. First, small
interfering RNA generated against ORF31 expression blocked protein expression and virus production in
transfected cells. Then, two-independent bacterial artificial chromosome-derived ORF31-null MHV-68 mu-
tants (31STOP) were generated and found to be defective in virus production in fibroblast cells. This defect can
be rescued in trans by MHV-68 ORF31 and importantly by its KSHV homologue. A repair virus of 31STOP was
also generated by homologous recombination in fibroblast cells. Finally, we showed that the defect in ORF31
blocked late lytic protein expression. Our results demonstrate that MHV-68 ORF31 is required for viral lytic
replication, and its function is conserved in its KSHV homologue.

Members of the Gammaherpesvirinae subfamily are known
for their ability to establish latent infection in lymphocytes and
to cause acute infection in epithelial and fibroblast cells. This
subfamily includes Kaposi’s sarcoma-associated herpesvirus
(KSHV/HHV-8), Epstein-Barr virus (EBV), and murine gam-
maherpesvirus 68 (MHV-68). KSHV and EBV are associated
with several types of human diseases. KSHV is linked to Ka-
posi’s sarcoma, multicentric Castleman’s disease, and primary
effusion lymphoma (7, 23, 33). EBV is associated with naso-
pharyngeal carcinoma, Burkitt’s lymphoma, Hodgkin’s disease,
posttransplant lymphoproliferative disorder-like lymphoma,
and certain types of T-cell lymphomas (29).

MHV-68, also referred to as �HV68, is a natural pathogen
of wild rodents (4, 22, 28). The complete nucleotide sequence
of MHV-68 has been determined and is similar to EBV but is
more closely related to KSHV. The genome of MHV-68 en-
codes genes that are common to other members of the gam-
maherpesvirus family, as well as cellular gene homologues and
genes unique to MHV-68 (19, 37). Unlike KSHV and EBV,
MHV-68 establishes productive infections in a variety of fibro-
blast and epithelial cell lines and is capable of infecting labo-
ratory mice, simplifying both in vitro and in vivo study of this
gammaherpesvirus (10, 35). The study of conserved genes in
MHV-68 will significantly contribute to the understanding of
their roles in viral replication and in the pathogenesis of hu-
man gammaherpesviruses.

MHV-68 open reading frame 31 (ORF31) homologues have
been found in gammaherpesviruses, EBV (BDLF4), KSHV
(ORF31), and herpesvirus saimiri (ORF31), as well as in be-
taherpesviruses, human cytomegalovirus (UL92), and human
herpesvirus 6 (U63). However, no homologue of ORF31 has
been found in alphaherpesviruses or in mammalian genomes.
The putative gene products of the ORF31 homologues are
similar in size (200 to 225 amino acids), although their function
is unknown (2, 3, 8, 16, 30, 37). The N terminus of these
proteins contains six conserved cysteine and histidine residues
that might form a zinc-binding domain, which is the only con-
served domain apparent from sequence analysis. This conser-
vation of ORF31 between two subfamilies of herpesviruses
strongly suggests it plays an important role in the herpesvirus
life cycle.

To investigate the role of ORF31 in viral replication, we
decided to generate an ORF31-null MHV-68 mutant. In an
initial effort to generate the ORF31-null mutant, we were
unable to purify the mutant lacking ORF31 with the classical
homologous recombination method that we have used to re-
cover several other MHV-68 mutants (38; unpublished data).
The inability to purify the ORF31-null mutant suggested that
mutants lacking ORF31 are impaired for growth. To deter-
mine the role of ORF31 in MHV-68 replication, we chose to
create a recombinant bacterial artificial chromosome (BAC) of
MHV-68 from which an ORF31-null genome could be derived
without the need for purification from wild-type (wt) MHV-68
in mammalian cells.

Recently, the cloning of several herpesviruses, including hu-
man cytomegalovirus, herpes simplex virus, pseudorabies virus,
EBV, and KSHV, as a BAC has been described (5, 9, 13, 20,
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21, 31, 32, 36, 40). BAC clones have also been reported for
MHV-68, and several MHV-68 virus mutants have been gen-
erated successfully using the MHV-68 BAC system (1, 25, 27).
Here we report the analysis of MHV-68 ORF31 protein ex-
pression and the generation and characterization of an
ORF31-null MHV-68(BAC). Our results suggest that ORF31
is required for lytic viral replication.

MATERIALS AND METHODS

Viruses, cells, and plaque assays. wt MHV-68 was originally obtained from the
American Type Culture Collection (ATCC; VR1465). The working wt MHV-68
virus stock was generated by infecting BHK-21 cell (a baby hamster kidney
fibroblast cell line) (ATCC CCL-10) at a multiplicity of infection (MOI) of 0.05
PFU per cell. The T-Rex 293 cell line (Invitrogen) is a human embryonic
epithelial cell line that stably expresses the Tet repressor. BHK-21 cells were
cultured in complete Dulbecco modification of Eagle medium (DMEM) con-
taining 10% fetal bovine serum, supplemented with penicillin and streptomycin.
T-Rex 293 cells were maintained in complete DMEM containing blasticidin (5
�g/ml). Plaque assay was performed in monolayers of BHK-21 cells overlaid with
1% methylcellulose as described previously (39).

DNA extraction and Southern blot analysis. T-Rex-31 cells were seeded onto
24-well plates. Protein expression was induced by adding doxycycline (1 �g/ml)
for 12 to 15 h prior to infection. The induced cells were then incubated with
various viruses at an MOI of 4 for 1 h. Doxycycline was added and maintained
in the culture postinfection (p.i.) until harvesting DNA. Total cellular DNA was
isolated at 24 h p.i. Briefly, the infected cells were harvested and washed once
with phosphate-buffered saline (PBS). The pellet was resuspended in Tris-EDTA
buffer (10 mM Tris-HCl-1 mM EDTA [pH 8.0]). An equal volume of 2� lysis
buffer (0.5% sodium dodecyl sulfate [SDS], 40 mM Tris-HCl, 20 mM EDTA, 200
mM NaCl) containing proteinase K (0.5 mg/ml) was added, and the suspension
incubated at 56°C for at least 6 h. The sample was extracted twice with phenol-
chloroform and once with chloroform-isoamyl alcohol (24:1). The resulting DNA
was precipitated and dissolved in Tris-EDTA buffer. BAC plasmid DNA was
isolated from DH10B Escherichia coli cultures by using a Qiagen Plasmid Midi
kit (Qiagen, Inc., Valencia, Calif.) according to the manufacturer’s modified
protocol. For Southern blot analysis, DNAs were subjected to either BamHI or
BglII digestion overnight and separated on 0.8% agarose gels. Gels were sub-
jected to depurination, denaturation, and neutralization. DNAs on treated gels
were transferred to charged nylon membranes (Amersham Pharmacia Biotech).
The membranes were UV cross-linked and prehybridized at 65°C in the buffer
containing 5� SSC (1� SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 10�
Denhardt solution, 0.5% SDS, and denatured salmon sperm DNA (50 �g/ml).
Probes were generated by random priming method with [�-32P]dCTP and
genomic viral DNA fragment as templates. For the probe used for Fig. 4C, the

genomic viral DNA fragment was a PCR product (nucleotides [nt] 46264 to
50036) amplified with primers 31-11 and 31-12 (Table 1). For the probe used for
Fig. 6B, an EcoRV-XbaI fragment (nt 46420 to 49951) of the MHV-68 genomic
DNA was used as a template. The membranes were washed at 65°C in 2� SSC
with 0.1% SDS, followed by 0.1� SSC with 0.1% SDS. Radioactivity was de-
tected and quantitated by using a Storm imaging system (Molecular Dynamics,
Sunnyvale, Calif.).

Molecular cloning. The MHV-68 ORF31 was cloned into pET-30b(�) (No-
vagen, Madison, Wis.) to construct the pET-30b/ORF31 for expression of the
His-tagged ORF31 in E. coli strain BL21. ORF31 coding sequence was amplified
by using primers 31-01 and 31-02 (Table 1), excised by using BamHI and NotI,
and cloned into the BamHI-NotI sites of the pET-30b(�).

Plasmid pFLAG-mORF31 was constructed by inserting the full-length
MHV-68 ORF31 into the BamHI-KpnI sites of the vector pFLAG-CMV2
(Kodak). The inserted ORF31 sequence was amplified by PCR with primers
31-03 and 31-04 (Table 1). The plasmid pcDNA5/TO/F-ORF31 was constructed
by using a similar strategy, in which the full-length ORF31 fused to the FLAG
coding sequence of pFLAG-CMV2 was inserted into the BamHI-NotI sites of
pcDNA5/TO (Invitrogen). The inserted ORF31 sequence was amplified by PCR
with primers 31-05 and 31-06 (Table 1).

Plasmid pEGFP-m31 was constructed by inserting the full-length MHV-68
ORF31 into the KpnI-BamHI sites of pEGFP-C1 vector that is used to express
a protein of interest fused to the C terminus of green fluorescent protein (GFP;
Clontech). The full-length ORF31 was amplified by using primers 31-07 and
31-08 (Table 1). Plasmid pEGFP-k31 was constructed by using a similar strategy,
by which the full-length KSHV ORF31 was inserted into the BspEI-BamHI sites
of the pEGFP-C1 vector. The KSHV ORF31 was PCR amplified by using total
DNA isolated from BC-1 cells (latently infected with KSHV) as a template and
primers 31-9 and 31-10 (Table 1).

The suicide shuttle vector used for BAC mutagenesis, pGS284, was kindly
provided by G. Smith and L. Enquist (Princeton University) (31). To construct
the shuttle plasmid for the generation of ORF31-null MHV-68(BAC), a 1.0-kb
fragment was prepared by a two-step PCR and inserted into the NsiI-SphI sites
of pGS284. The 1.0-kb PCR fragment contained an insertion of triple stop
codons and a BamHI site located between nt 47791 and 47792 of the viral
genome and ca. 500-bp nucleotides on each side of the insertion homologous to
the viral genome. Briefly, primers 31-13 and 31-14 were used for amplification of
the PCR fragment 31STOPa and primers 31-15 and 31-16 for 31STOPb (Table
1). These two PCR fragments were then used as templates to generate the
31STOPc fragment, with primers 31-13 and 31-16 (Table 1). The 31STOPc was
digested with NsiI and SphI, ligated with the NsiI-SphI fragment of pGS284 and
then electroporated into S17�pir E. coli cells (GS111). The resulting plasmid,
pGS284/31STOP, was screened by colony PCR and BamHI digestion of the PCR
product to verify the insertion in the shuttle plasmid. The inserted fragment was
sequenced to verify that the stop codon-BamHI site insertion was in the right
position.

TABLE 1. Nucleotide sequences of primers used to generate recombinant plasmids

Primer Sequence (5� to 3�)a Genomic positionb (nt)

31-01 GGCGGATCCGTATAAAAGATGCAAGCG 47713 to 47729
31-02 GGAGGAGCGGCCGCTTCTAAATACATCCATTTC 48309 to 48291
31-03 TTGGGTACCGTATAAAAGATGCAAGCG 47713 to 47729
31-04 AAGGCAGGATCCTTATTCTAAATACATCC 48312 to 48296
31-05 GGGCGGATCCACCATGGACTACAAAGACGATGACGACAAGATGTATAAAAGATGCAAGc 47710 to 47727
31-06 GAAGGAGCGGCCGCTTATTCTAAATACATCC 48312 to 48296
31-07 TTGGGTACCATGTATAAAAGATGCAAGCG 47710 to 47729
31-08 GCAGGATCCTTATTCTAAATACATCC 48312 to 48296
31-09 CCCTCCGGAATGTCACAAAACAGAAAG 50763 to 50780 (K)
31-10 GAGGATCCCTACGTATCTTTCGTTG 51437 to 51421 (K)
31-11 GTATGGAGCATATAAGTGC 46264 to 46282
31-12 GAACCAACAACTGGCAGGTC 50036 to 50017
31-13 CCGATGCATGTGATTGCGCTCTGTTTG 47272 to 47289
31-14 TTTGGATCCTCAATTAATCAAGCACGTTATAGGCCTCTGd 47791 to 47774
31-15 GTGCTTGATTAATTGAGGATCCAAAATTTGTACCAGTGTCd 47792 to 47809
31-16 GGTGTGCATGCGTTGGCATAGATTGAC 48213 to 48198

a Restriction enzyme sites are in italics; sequences that are present in MHV-68/KSHV genome are underlined.
b Genomic position refers to the position in the published sequence of the MHV-68 (U97553) or KSHV genome (U75698) (30, 37). K, position in the KSHV genome.
c The FLAG tag coding sequence is indicated in bold face.
d The sequence of the stop codon is indicated in bold face.
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To construct plasmid pSVL-3500, the MHV-68 genomic sequence (nt 46264 to
50036) was amplified by PCR with the primers 31-11 and 31-12 (Table 1) and
then digested with EcoRV and XbaI. The EcoRV-XbaI fragment (nt 46420 to
49951) was cloned into pSVL vector to obtain the pSVL-3500, which was used for
homologous recombination to rescue the ORF31-null mutant.

The inserted DNA fragment in each construct was sequenced to confirm that
there were no additional mutations, deletions, or insertions in the MHV-68
coding sequences.

Cell transfection. Plasmid DNA was prepared with standard method by using
the Qiagen Plasmid Midi kit according to the manufacturer’s recommendations
(Qiagen, Inc., Valencia, Calif.). For BHK-21 or NIH/3T3 cell transfection, ca. 2
� 105 cells were transferred to 24-well culture plates 1 day prior to the experi-
ment. Plasmid DNA or BAC DNA (0.4 �g per transfection) was transfected into
cells by using Lipofectamine Plus reagent (Gibco). Transfection of T-Rex 293,
T-Rex-31, or 293T cells was carried out with Lipofectamine 2000 according to the
manufacturer’s recommendations (Gibco). Cells were usually assayed at 2 days
posttransfection (p.t.) unless otherwise indicated. Transfection of 293T cells with
small interfering RNA (siRNA) was performed as described previously (15).

Generation of an inducible ORF31-expressing cell line. The 293 Tet-on cell
line (T-Rex 293) was purchased from Clontech and maintained in medium
containing blasticidin (5 �g/ml). The Tet-on inducible mammalian expression
system allowed for regulated expression of the gene of interest by adding or
removing the tetracycline or doxycycline, such that the addition of the antibiotics
results in expression of the gene of interest. T-Rex 293 cells grown on a 10-cm
plate were transfected with plasmid pcDNA5/TO/F-ORF31 by using Lipo-
fectamine 2000 reagent. Two days after transfection, cells were passaged and
selected for stable transformants in 10% fetal bovine serum–DMEM containing
hygromycin (200 �g/ml). Medium was changed every 4 days until stable cell
colonies were observed. Cell colonies that were resistant to both blasticidin and
hygromycin treatment were transferred to 24-well plates and expanded. Cells
from each colony were tested for basal and induced expression of ORF31 by
Western blot with anti-FLAG monoclonal antibody. Clone 29, which showed
minimum background and high inducible expression of ORF31, was designated
T-Rex-31 and chosen for future studies. T-Rex-31 was maintained in medium
containing blasticidin (5 �g/ml) and hygromycin (100 �g/ml).

Construction of wt MHV-68(BAC) plasmid. The BAC-containing wt MHV-68
plasmid was generated in our lab (T.-T. Wu et al., unpublished data). Briefly,
pBeloBAC was engineered to be flanked by two loxP sites and contain a puro-
mycin resistance gene-expressing cassette. The resulting clone, termed
pBeloBAC(loxP�Puro), was linearized between two loxP sites, blunt ended, and
inserted into a 4.2-kb MHV-68 genomic fragment derived from the left end of
the viral genome, without disrupting any known ORFs. This plasmid was co-
transfected into BHK-21 cells with MHV-68.GFP virion DNA, which contains a
GFP expression cassette inserted at the same location as pBAC(loxP�Puro)
(38). A recombinant virus containing the BAC(loxP�Puro) cassette was gener-
ated by homologous recombination in BHK-21 cells and screened for non-GFP-
expressing virus. Circular replication intermediates of the viral genome, called
pMHV-68(BAC), was isolated from the infected BHK-21 cells and transformed
into E. coli cells by electroporation (12). Restriction enzyme digestion and
electrophoresis analyses showed several pMHV-68(BAC) clones with similar
digestion patterns as the wt MHV-68 genomic DNA. One of these clones (clone
7) was used for the reconstitution of wt MHV-68(BAC) in BHK-21 cells and for
the homologous recombination in E. coli to construct the ORF31-null MHV-
68(BAC).

Construction of ORF31-null MHV-68(BAC) plasmid. The ORF31-null MHV-
68(BAC) plasmid, 31STOP, was generated by allelic exchange in E. coli, as
described by Smith and Enquist (31). The donor strain was GS111 E. coli cells
carrying the shuttle plasmid, pGS284/31STOP, and the recipient strain was
GS500 (recA�) harboring pMHV-68(BAC). The shuttle plasmid contains a pos-
itive selection marker of ampicillin resistance gene and a negative selection
marker SacB that causes toxicity to the bacteria in the presence of sucrose. A
chloramphenicol resistance marker is located within the BAC sequence residing
in the MHV-68 genome. Conjugation was performed by cross-streaking the
donor and the recipient strains. Cointegrates were selected by growth in the
presence of chloramphenicol (34 �g/ml) and ampicillin (50 �g/ml) and allowed
to resolve by overnight growth in the presence of chloramphenicol alone to
ensure maintenance of the pMHV-68(BAC). After resolution, negative selection
against the bacteria retaining the shuttle plasmid was performed by growing
bacteria in the presence of 5% sucrose and chloramphenicol on Luria-Bertani
plates lacking NaCl. The resulting colonies were streaked on Luria-Bertani
plates containing either chloramphenicol or ampicillin. The recombinants that
had lost the integrated shuttle plasmid were chloramphenicol resistant and am-
picillin sensitive. The incorporation of the stop codon in ORF31 was determined

by PCR and restriction enzyme digestion screening for the insertion of the
BamHI site engineered next to the stop codon.

Generation of wt MHV-68(BAC) and ORF31-null MHV-68(BAC) viruses. wt
MHV-68(BAC) was reconstituted in BHK-21 cells by transfection of the cells
with pMHV-68(BAC). The ORF31-null MHV-68(BAC) mutant virus was gen-
erated in an inducible cell line expressing ORF31 (T-Rex-31) by transfection of
the cells with the 31STOP BAC plasmid. Cytopathic effect (CPE) appeared at 2
days p.t. in both of the wt MHV-68(BAC)-transfected BHK-21 and of the
31STOP-transfected T-Rex-31 cells. The whole culture (including supernatant
and cells) was harvested at 6 days p.t. Viruses were prepared by three rounds of
freezing and thawing and clearing of cell debris by low-speed centrifugation.
Working virus stocks were generated by infecting BHK-21 and T-Rex-31 cells
(MOI � 0.05) for wt MHV-68(BAC) and 31STOP, respectively. Viruses were
quantitated by plaque assay and serial dilution in both BHK-21 and T-Rex-31
cells.

Generation of the 31STOP MHV-68(BAC) revertant. To generate the rever-
tant of 31STOP, 31STOP BAC plasmid was cotransfected with pSVL-3500 into
BHK-21 cells. At 3 days p.t. when CPE appeared in 30% of the cells, the
supernatant containing the recombinant viruses was harvested and used for
screening for the revertant of 31STOP. The revertant, termed 31STOP.R, was
confirmed by Southern blot analysis of the BamHI-digested viral DNA with a
probe corresponding to the genomic region encoding ORF31 and its flanking
sequences (nt 46420 to 49951). This virus was purified for three rounds by
limiting dilution in BHK-21 cells to obtain a homogenous virus stock. The
working virus stock was prepared in BHK-21 cells at an MOI of 0.05.

Viral protein expression and replication kinetics after infection with wt or
ORF31-null viruses. Noncomplementing (BHK-21) or complementing (T-Rex-
31) cells were seeded onto 12-well plates 1 day prior to infection. Since no
obvious cell toxicity was observed in T-Rex-31 cells upon drug induction, doxy-
cycline was added to the medium when T-Rex-31 cells were seeded. Cells were
mock infected or infected at MOIs of 4 for the single-step growth curve, 0.01 for
the multiple-step growth curve, and 0.5 for Western blotting analysis. For infec-
tion, cells were incubated with viral inocula for 1 h at 37°C. After 1 h of
incubation, the inoculum was removed, the cells washed three times with PBS,
and fresh medium was added to the culture. The whole culture (including cells
and supernatant) was harvested at various times p.i. Virus was prepared by three
rounds of freezing and thawing and clearing of cell debris by low-speed centrif-
ugation and then quantitated by serial dilution in T-Rex-31 cells. The time point
at which the culture was harvested right after removal of the inocula, followed by
a wash with PBS, was considered 0 h p.i. Infected-cell lysate was analyzed by
Western blotting at 2 days p.i. with polyclonal rabbit antibodies to ORF26,
ORF45, and ORF65.

Antibodies, Western blotting, and fluorescence and indirect immunofluores-
cence assays. The BL21 strain (ATCC 47092) of E. coli was transformed with
pET-30b/ORF31, and protein expression was induced with 1 mM IPTG (isopro-
pyl-	-D-thiogalactopyranoside). The His-tagged ORF31 was confirmed by West-
ern blotting with anti-His antibody and then purified by nickel-nitrilotriacetic
acid metal affinity chromatography (Qiagen, Valencia, Calif.). The purified
ORF31 protein was injected into one rabbit for antibody production (Covance
Research Products, Denver, Colo.). Polyclonal antibodies to MHV-68 ORF26,
ORF45, or ORF65 were generated in our lab (15). The mouse monoclonal
antibodies to FLAG or His epitopes and 	-actin were purchased from Sigma (St.
Louis, Mo.).

For Western blotting, cell extracts were analyzed with the following primary
antibodies: rabbit polyclonal antibody to ORF31 (1:200), ORF26 (1:500),
ORF45 (1:500), or ORF26 (1:500) or monoclonal antibody to FLAG tag, His tag,
or actin. Anti-rabbit or anti-mouse immunoglobulin G (IgG) conjugated with
horseradish peroxidase (Amersham Pharmacia Biotech) was used as secondary
antibody. The proteins were detected by chemiluminescence detection (ECL
Plus System; Amersham Pharmacia Biotech), and the signals were detected by
using a Storm imaging system (Molecular Dynamics).

For fluorescence and indirect immunofluorescence assay, BHK-21 or NIH 3T3
cells grown on 24-well plates were transfected with plasmid DNA. To examine
the subcellular localization of the GFP-ORF31 fusion protein, the transfected
cells were transferred at 24 h p.t. to coverslips laying on 24-well plate and then
incubated for 5 h, allowing cells to spread. The cells were then fixed in 2%
paraformaldehyde for 10 min, washed twice with PBS, and mounted with Prolong
Antifade kit (Molecular Probes, Eugene, Oreg.). To examine the cellular local-
ization of FLAG-tagged ORF31, an indirect immunofluorescence assay was
applied. Briefly, the fixed cells were permeabilized in 0.2% Triton X-100 for 5
min on ice, blocked with 10% normal goat serum for 30 min, and incubated with
anti-FLAG monoclonal antibody for 1 h, followed by incubation with goat anti-
mouse IgG conjugated with Cy3 (Jackson Immunoresearch Laboratory, West
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Grove, Pa.) for 30 min. Cells were washed twice with PBS for 10 min between
each reaction. All of the reactions except permeabilization were performed at
room temperature. The fluorescent signals were visualized with a confocal laser
scanning microscope (Leica).

RESULTS

Expression of MHV-68 ORF31 in mammalian cells. To ex-
amine the expression of ORF31 in transfected cells, we con-
structed a plasmid that expresses MHV-68 ORF31 fused to a
FLAG epitope at the N terminus (pFLAG-m31) and a plasmid
that expresses ORF31 fused to the C terminus of GFP
(pEGFP-m31). These plasmids were transfected into 293T
cells, and protein expression was examined by Western blotting
with anti-FLAG and anti-GFP monoclonal antibodies sequen-
tially. As shown in Fig. 1A, the FLAG-tagged MHV-68 ORF31
(FLAG-m31) was expressed as an 
29-kDa protein (lane 4).
The GFP protein shifts from 
30- and 
34-kDa doublets
(lane 3) to 
50 and 
54-kDa doublets (GFP-m31, lane 5),
showing a difference of 
20 kDa. This difference is close to the
size of MHV-68 ORF31 predicted from its coding nucleotide
sequence (22 kDa).

To examine the expression of native ORF31 in virus-in-
fected cells, polyclonal antibody against ORF31 was prepared
in a rabbit and detected the 29-kDa protein expressed from
pFLAG-m31 plasmid-transfected cells, which was similar to
the FLAG-m31 detected by anti-FLAG antibody (data not
shown). This polyclonal antibody was then used to examine the
expression kinetics of the native ORF31 in MHV-68-infected
BHK-21 cells (Fig. 1B). The antibody detected an 
27-kDa
band (
2 kDa smaller than the FLAG-tagged ORF31), which
first appeared at 11 h p.i. (lane 6) and peaked at 24 h p.i. (lane
7). The difference between the molecular masses detected by
Western blotting and that predicted from its coding nucleotide
sequence may be due to unknown modification(s). A back-
ground band of 
37 kDa was also detected at all time points,
indicating equal loading of the total protein.

Since there is no structural information available for
ORF31, several algorithms were used to predict the secondary
structure of the protein from the amino acid sequence. Both
Tmpred and TMHMM algorithms predict that ORF31 con-
tains one transmembrane helix (residues 150 to 168). Accord-
ing to the prediction, the N-terminal residues, amino acids 1 to
149, face the cytoplasm, and residues 150 to 168 (18 amino
acids) represent the putative transmembrane helix. To address
the subcellular localization of ORF31, indirect immunofluo-
rescence analysis was performed with BHK-21 cells transiently
expressing FLAG-m31. In the tagged protein, the FLAG
epitope should remain in the cytoplasm as part of the intra-
cellular domain. BHK-21 cells transfected with pFLAG-m31
were fixed and incubated with anti-FLAG antibody. After 1 h
of incubation, the cells were incubated with the anti-mouse
IgG-Cy3 conjugates. Detection of ORF31 with a confocal laser
microscope indicated a pattern of even staining in the cyto-
plasm and nucleus (Fig. 1C, left panel). It should be pointed
out that no intense staining was noted at the cell membrane.
To verify the subcellular localization of ORF31, we examined
the GFP fluorescence in NIH 3T3 cells transfected with pGFP-
m31, which expresses MHV-68 ORF31 fused to the GFP pro-
tein at the N terminus. The GFP fluorescence from the GFP-

m31 fusion protein was also evenly distributed between the
cytoplasm and the nucleus (Fig. 1C, right panel), similar to the
nonfused GFP expressed from vector (middle panel). This
pattern was also observed in pEGFP-m31-transfected live cells
(data not shown).

FIG. 1. Expression and cellular localization of ORF31 in mamma-
lian cells. (A) Western blotting analysis of ORF31 expressed from
plasmid-transfected cells. 293T cells were mock transfected (lane 2) or
transfected with pEGFP-C1 vector (lane 3), a plasmid expressing
FLAG-tagged MHV-68 ORF31 (pFLAG-m31) (lane 4), or a plasmid
expressing an MHV-68 ORF31 GFP fusion protein (pEGFP-m31)
(lane 5). Cell extracts were analyzed by Western blotting with anti-
GFP and sequentially with anti-FLAG antibody. Expression of FLAG-
tagged ORF31 and GFP-m31 fusion proteins are indicated by arrows.
(B) Western blotting analysis of the MHV-68 ORF31 protein in virus-
infected cells. BHK-21 cells were infected with MHV-68 at an MOI of 5.
Cell lysate was collected at the indicated times p.i. and subjected to
Western blotting with rabbit polyclonal antibody against ORF31. In lanes
4 and 5, cells were treated with cycloheximide (c) or left untreated (�).
The specific ORF31 signal is indicated by an arrow. (C) Cellular localiza-
tion of ORF31 in plasmid-transfected cells. Cells were transfected with
pFLAG-m31 (left), pEGFP-C1 (middle), or pEGFP-m31 (right) and then
fixed at 24 h p.t. FLAG-tagged ORF31 was analyzed by indirect immu-
nofluorescence assay with anti-FLAG monoclonal antibody, followed by
incubation with goat anti-mouse IgG conjugated with Cy3. The fluores-
cence of GFP and GFP fusion protein was visualized after fixation. Im-
ages of FLAG-m31, GFP, and GFP-m31 protein were obtained with a
confocal laser microscope (Leica).
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Downregulation of MHV-68 lytic replication by siRNA tar-
geted to ORF31. siRNAs have been widely used to inhibit
expression of cellular, as well as viral genes in mammalian cells
by inducing homology-dependent degradation of cognate
mRNA (11, 14, 17, 26). Specific siRNAs have been used to
demonstrate the essential role for viral proteins Rta and
ORF45 in MHV-68 lytic replication (15). To examine whether
reduction of ORF31 expression effects MHV-68 lytic replica-
tion, we designed a siRNA targeted against ORF31 (siRNA-
ORF31). An siRNA targeting ORF50 that is critical for
MHV-68 viral replication (18, 34, 38, 39) (siRNA-Rta) and an
siRNA targeting KSHV K8 that has no homologue in MHV-68
(siRNA-K8) were used as controls. First, we examined the
expression level of ORF31 in the presence of siRNA-ORF31
after cotransfection. The plasmid pFLAG-m31 was transfected
into 293T cells with or without siRNA, and protein expression
was analyzed by Western blotting with anti-FLAG antibody
(Fig. 2A). Expression of ORF31 was significantly reduced by
siRNA-ORF31 (lane 4) and, importantly, not affected by a
nonspecific siRNA (siRNA-Rta, lane 5). Next, we tested
MHV-68 viral replication in the presence of siRNA-ORF31.
293T cells were cotransfected with MHV-68 viral DNA and
either siRNA-ORF31, siRNA-Rta, or siRNA-K8. Superna-
tants were collected at 48 h p.t., and virus titers were deter-
mined by plaque assay. As shown in Fig. 2B, MHV-68 viral
progeny production was significantly reduced in the presence
of either siRNA-ORF31 (column 2) or siRNA-Rta (column 3)
but not in the presence of siRNA-K8 (column 4). Inhibition of
viral replication by siRNA-Rta but not by siRNA-K8 indicates
the specificity of RNA interference (RNAi), since Rta is
known to play a crucial role during viral replication and KSHV
K8 has no homologue in MHV-68. Reduction of virus produc-
tion by siRNA-ORF31 suggests that ORF31 plays a critical
role in MHV-68 replication.

Disruption of ORF31 in an MHV-68 BAC vector. To further
study the essential role of ORF31 in MHV-68 lytic replication,

we constructed an ORF31-null mutant by an allelic exchange
method described previously (31). We have cloned the entire
MHV-68 genome as a BAC, in which the full-length BAC
sequence was inserted between nt 1838 and 1839 of the viral
genome without disruption of any known gene (Fig. 3A). The
insertion of the BAC sequence in this region does not affect
viral growth in vitro compared to wt MHV-68 (as shown in Fig.
6D and E). Next, we sought to disrupt the MHV-68 ORF31 by
inserting translation termination codons and a BamHI site
between nt 47791 and 47792 of the viral genome (79 nt down-
stream of the translation start codon for ORF31) (Fig. 3B).
The introduction of triple stop codons ensures that any trans-
lation would stop and not produce a functional gene product.
The incorporation of the BamHI site next to the stop codon
allowed us to screen the positive clones in bacteria and confirm
the insertion. Recombinant MHV-68(BAC) clones were se-
lected as described in Materials and Methods and analyzed by

FIG. 2. Effect of siRNA targeted to ORF31 on viral protein ex-
pression and replication. (A) 293T cells were mock-transfected (lane
2) or transfected with plasmid pFLAG-m31 in the absence (lane 3) or
presence of siRNA targeted to ORF31 (lane 4) or Rta (lane 5). At 48 h
p.t., cell lysate was analyzed by Western blotting with anti-FLAG
antibody (upper). The blot was reprobed with 	-actin antibody to
confirm equal loading (lower). (B) MHV-68 viral DNA was trans-
fected into BHK-21 cells without (column 1) or with siRNA targeted
against ORF31 (column 2), Rta (column 3), or nonspecific gene KSHV
K8 (column 4). Supernatant was collected at 48 h p.t., and virus titers
were determined by plaque assay on BHK-21 cells. The value is the
average of three independent experiments. The detection sensitivity of
the assay is 10 PFU/ml.

FIG. 3. Construction of wt MHV-68(BAC), ORF31-null MHV-
68(BAC), and the null revertant. (A) Representative diagram of the
genomic sequence of wt MHV-68(BAC). The BAC sequence was
inserted between nt 1838 and 1839 of the viral genome without dis-
rupting any known genes. (B) ORF31 and adjacent ORFs are indi-
cated in the wt MHV-68(BAC). Restriction enzyme sites of EcoRV
(E) and XbaI (X) in the indicated DNA fragment are shown. The
suicide shuttle plasmid pGS284/31STOP contains an insertion of stop
codon-BamHI restriction site in the ORF31 coding sequence (between
nt 47791 and 47792), and sequences flanking the insertion for homol-
ogous recombination. Homologous recombination between wt MHV-
68(BAC) and pGS284/31STOP was carried out in E. coli, resulting in
an ORF31-null MHV-68(BAC) plasmid, 31STOP. (C) Plasmid pSVL-
3500 contains an EcoRV-XbaI fragment of the MHV-68 genomic
sequence (nt 46420 to 49951) spanning the ORF31. Homologous re-
combination between 31STOP and pSVL-3500 was carried out in
BHK-21 cells to obtain the revertant of the 31STOP mutant,
31STOP.R. (D) Schematic representation of the structure of
31STOP.R.
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BamHI or BglII digestion, electrophoresis, and ethidium bro-
mide staining. The predicted fragments of restriction enzyme
digestion in the region of ORF31 and its flanking ORFs are
shown in Fig. 4A. In BamHI digests, the fragment pattern of wt
MHV-68(BAC) was similar to wt MHV-68 (Fig. 4B, lanes 2
and 3). The stop codon-BamHI site insertion in ORF31
yielded two bands of 5.3 and 2.2 kb, instead of one 7.5-kb band;
these two bands were readily apparent in two clones of the
31STOP BamHI digests (lanes 4 and 5). In BglII digests com-
pared to wt MHV-68 viral DNA fragments, a 2.9-kb band was
replaced in wt MHV-68(BAC) by two additional predicted
bands of 5.0 kb due to the BAC cassette insertion at the left
end of viral genome (lanes 6 and 7). No other rearrangements
were detected in BglII-digested 31STOP BAC DNA compared
to wt MHV-68(BAC) (lanes 8 and 9). The DNA fragments
around the insertion site were further analyzed by Southern
blotting by using a 3.5-kb probe (nt 46264 to 50036) as shown
in Fig. 4A. The result confirmed the expected pattern of hy-
bridizing bands in the BamHI-digested wt MHV-68 viral DNA
and wt MHV-68(BAC) (7.5- and 9.9-kb) versus 31STOP (2.2-,
5.3-, and 9.9-kb) (Fig. 4C, lanes 2 through 5). Consistent with
the gel electrophoresis and ethidium bromide staining result,
no additional or unexpected hybridizing bands were detected
in BglII-digested 31STOP compared to wt MHV-68 viral DNA
and MHV-68(BAC) DNA (lanes 6 through 9). We conclude
that the stop codons and BamHI site have been successfully
inserted into the MHV-68 ORF31.

31STOP is deficient in viral replication. To generate
31STOP MHV-68(BAC) virus, we transfected BHK-21 cells
with 31STOP BAC plasmid, since this cell line is permissive to
MHV-68 replication and is routinely used to study MHV-68 in
vitro. The transfected cells were observed daily for up to 7
days. Cells transfected with wt MHV-68 virion DNA or MHV-
68(BAC) DNA showed complete CPE at 5 days p.t. No obvi-

FIG. 4. Analysis of recombinant MHV-68(BAC) DNAs. (A) Sche-
matic representation of the structure of ORF31 and its flanking ORFs,
the predicted restriction enzyme sites of BamHI (Bm), BglII (Bg),
EcoRV (E), and XbaI (X), position of a probe (nt 46264 to 50036) and
the predicted restriction fragments detected by the probe in Southern
blotting analysis. Predicted fragments of BamHI-digests from wt
MHV-68(BAC) are indicated above the line, and those from 31STOP
are below the line. (B) Restriction enzyme digestion of the recombi-
nant MHV-68(BAC) DNA. wt MHV-68 viral DNA (wt) was isolated
from extracellular virions, and wt MHV-68(BAC) and 31STOP DNAs
were isolated from E. coli strain DH10B transformed with BAC plas-
mids. Two clones of the ORF31-null MHV-68(BAC) (31STOP1 and
31STOP2) were included. DNAs were digested with BamHI or BglII,
as indicated at the top of the panel, and then visualized by electro-
phoresis and ethidium bromide staining. The expected bands of 2.1
and 5.3 kb derived from BamHI digestion of 31STOP plasmid are
indicated by asterisks at the upper left corners of the bands. (C) The
DNAs shown in panel B were blotted and hybridized with the
[�32P]dCTP-labeled probe shown in panel A. The expected bands
derived from 31STOP BamHI digests are indicated by asterisks at the
upper left corners of the bands. (D) Deficiency of infectious viral
production by ORF31-null MHV-68(BAC). BHK-21 cells were trans-
fected with wt MHV-68 virion DNA or wt MHV-68(BAC), 31STOP1,
or 31STOP2 plasmid DNA. Supernatant was collected at 5 days [wt
and wt(BAC)] or 7 days (31STOP1 and 31STOP2) p.i. Virus titer was
determined by plaque assay in BHK-21 cells in duplicate. The detec-
tion level by plaque assay was 10 PFU/ml.
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ous CPE was detected in 31STOP-transfected cells at 7 days
p.t. Supernatant from each transfection was collected for quan-
tification of virus production. As shown in Fig. 4D, titers of
virus produced from transfection with wt MHV-68 or wt
MHV-68(BAC) reached ca. 2 � 106 PFU/ml. However, titers
of virus produced from transfection with either of the two
independent 31STOP BAC clones were below the detection
level (�10 PFU/ml). A further two rounds of blinded passage
of the supernatant harvested from the 31STOP-transfected
cultures did not result in the development of CPE. These
results suggested the dependence of 31STOP viral replication
on the presence of ORF31 protein.

To examine whether MHV-68 ORF31 could rescue viral
replication of the ORF31-null MHV-68(BAC) mutant,
31STOP was cotransfected with pEGFP-m31 into BHK-21
cells. At 5 days p.t., the supernatant of the transfectant was
harvested for quantification of infectious virus production by
using serial dilution in an inducible cell line expressing ORF31
(T-Rex-31), and the cells were lysed for Western blot to ana-
lyze viral protein expression. Expression of lytic viral proteins
(ORF45, ORF26, and ORF65) was dramatically reduced in
cells transfected with 31STOP plus GFP (Fig. 5B, lane 4).
However, expression of lytic proteins was rescued by cotrans-
fection with pEGFP-m31 (Fig. 5B, lane 5). Consistently, the
titer of viruses produced from transfection with 31STOP plus
GFP was below the level of detection, and that from cotrans-
fection with 31STOP plus pEGFP-m31 was similar to wt
MHV-68(BAC) (Fig. 5C, columns 1 through 3). The FLAG-
tagged ORF31 was also tested for its ability to rescue the
ORF31-null mutant virus and showed a similar result to the
GFP-m31 fusion protein (data not shown). We concluded that
MHV-68 ORF31 efficiently rescued the ORF31-null MHV-
68(BAC) mutant in trans.

31STOP virus is rescued by providing KSHV ORF31.
Amino acid sequence alignment showed a 31% identity be-
tween MHV-68 ORF31 and the KSHV homologue (Fig. 5A).
We therefore tested whether KSHV ORF31 was able to rescue
the ORF31-null MHV-68(BAC) mutant. Full-length KSHV
ORF31 was cloned into pEGFP-C1 vector to generate a
KSHV ORF31 protein fused at the C terminus of GFP. This
construct, pEGFP-k31, was cotransfected into BHK-21 cells
with 31STOP. The fluorescence from GFP-k31 had a diffused
pattern in the cytoplasms and nuclei of the transfected cells,
similar to MHV-68 ORF31 (data not shown). Surprisingly,
cotransfection of pEGFP-k31 restored the replication to the
ORF31-null mutant, as indicated by expression of the lytic viral
proteins, ORF26, ORF45, and ORF65 (Fig. 5B, lane 6) and
the viral progeny production of MHV-68 (Fig. 5C, column 4).
These results strongly indicate that ORF31 function is con-
served between MHV-68 and KSHV.

FIG. 5. Rescue of ORF31-null MHV-68(BAC) mutant after co-
transfection with MHV-68 ORF31 or it KSHV homologue. (A) Align-
ment between the predicted amino acid sequence of MHV-68 ORF31
and the KSHV homologue. The conserved sequence is shown under
the aligned sequences. There is 31.3% identity between these two
sequences. (B) Expression of lytic proteins from transfected fibroblast
cells. BHK-21 cells were mock transfected (lane 2) or transfected with
wt MHV-68(BAC) plus vector (GFP) (lane 3), 31STOP plus vector
(lane 4), 31STOP plus pEGFP-m31 (lane 5), or 31STOP plus a plasmid
expressing a KSHV ORF31 GFP fusion protein (pEGFP-k31; lane 6).
At 3 days p.t., cell lysates were analyzed by Western blotting with

polyclonal antibodies to MHV-68 ORF65, ORF26, and ORF45. Spe-
cific bands detected by each antibody are indicated by arrows. A
37-kDa background band (�) indicates equal loading in each of the
lanes. (C) Viral replication in transfected fibroblast cells. BHK-21 cells
were transfected as described for panel B. The supernatant was col-
lected at 3 days p.t., and virus titers were determined by serial dilution
in T-Rex-31 cells. The detection level by the method used in this
experiment was 10 TCID50/0.1 ml.
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Propagation of ORF31-null mutant virus in ORF31-induc-
ible cells. To propagate the ORF31-null MHV-68 mutant vi-
rus, we established a Tet-on inducible cell line (T-Rex-31) that
expresses the FLAG-m31 upon induction with doxycyline. As
shown in Fig. 6A, the FLAG-tagged ORF31 was expressed by
T-Rex-31 in the presence (lane 2) but not in the absence (lane
1) of doxycycline. This cell line was then used to complement
the ORF31-null MHV-68(BAC) mutant virus. The doxycy-
cline-induced T-Rex-31 cells were transfected with the
31STOP plasmid. At 6 days p.t. the transfected cells developed
severe CPE, indicating the replication of the mutant virus.
However, there is a possibility that a revertant virus arose
during the transfection with 31STOP. To test this possibility,
the cell culture (including supernatant and cells) was harvested
and used to infect fresh T-Rex-31, the parental T-Rex 293, or

noncomplementing fibroblast BHK-21 cells. CPE was readily
observed in the doxycycline-induced T-Rex-31 cells but was not
observed in noninduced T-Rex-31, T-Rex 293, or BHK-21
cells, supporting the conclusion that the CPE was the result of
replication of mutant virus and not of a wt revertant. To verify
the genotype of the ORF31-null mutant, we performed a
Southern blotting analysis on total cellular DNAs isolated from
virus-infected T-Rex-31 cells by using a probe to an EcoRV-
XbaI fragment (nt 46420 to 49951) of the viral genome. The
expected hybridizing bands were apparent in BamHI-digested
wt MHV-68(BAC) (7.5-kb) versus 31STOP (5.3 and 2.2 kb)
(Fig. 6B, lanes 1 through 3), confirming the maintenance of the
stop codon-BamHI insertion in the 31STOP viral genome.
Therefore, the ORF31-null MHV-68(BAC) mutant was suc-
cessfully propagated in the complementing cell line.

FIG. 6. Propagation of MHV-68 mutant viruses in an ORF31 complementing cell line. (A) A complementing cell line (T-Rex-31) was
established by using a Tet-on inducible mammalian expression system. ORF31 expression was induced by adding doxycycline (1 �g/ml) for 24 h.
Lysate from noninduced (�) or induced (�) cells was analyzed by Western blot with anti-FLAG monoclonal antibody. (B) Southern blotting
analysis of MHV-68 recombinant viral DNA. The doxycycline-induced T-Rex-31 cells were infected with wt MHV-68, wt MHV-68(BAC),
ORF31-null (31STOP), or revertant of ORF31-null (31STOP.R) viruses at an MOI of 4. Total cellular DNA was isolated at 24 h p.i. and subjected
to Southern blotting with an [�-32P]dCTP-labeled probe to an EcoRV-XbaI fragment (nt 46420 to 49951) of the MHV-68 genomic sequence.
Hybridizing bands are indicated by arrows. (C) Single-step growth curves of MHV-68 mutants. BHK-21 (diamonds) or T-Rex-31 (squares) cells
were infected with wt MHV-68(BAC) (solid) or 31STOP (open) at MOIs of 4. The input virus was quantitated by serial dilution in T-Rex-31 cells
for virus titer and by plaque assay in BHK-21 cells to determine the presence of 31STOP revertant; none was detected. The whole culture
(including cells and supernatant) was harvested at the indicated times and then quantitated by serial dilution in T-Rex-31. TCID50 was scored at
7 days p.i. (D and E) Multiple-step growth curves of MHV-68 mutants. BHK-21 (D) or T-Rex-31 cells (E) were infected with viruses as indicated
in the figure with MOIs of 0.01. The culture was harvested, and virus titers were determined as described for panel C. For both single- and
multiple-step growth curves, data were the average of two independent experiments, and virus titers were determined in duplicate.
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Generation of a 31STOP revertant in BHK-21 cells. BHK-21
cells transfected with 31STOP did not develop CPE, indicating
that the mutant virus with a stop codon insertion in ORF31 is
unable to replicate. We thought to restore the function of
ORF31 in the null virus by homologous recombination with wt
ORF31. This was accomplished by cotransfection of BHK-21
cells with 31STOP BAC plasmid and pSVL-3500, which carries
the MHV-68 sequence spanning the mutation (Fig. 3C). By
cotransfection with plasmid pSVL-3500, the cells developed
CPE, the rescue of 31STOP mutant was achieved, and a rep-
lication-competent viral revertant was obtained. The revertant
virus, designated 31STOP.R, was purified for three rounds in
BHK-21 cells by limiting dilution to make homogeneous virus.
To confirm that the rescue of the 31STOP is due to the ho-
mologous recombination rather than to complementation in
trans or insertion at a second locus, we performed a Southern
blotting analysis of total DNAs isolated from T-Rex-31 cells
infected with 31STOP.R by using a probe derived from one
EcoRV-XbaI fragment of (nt 46420 to 49951) of the viral
genome. An expected 7.5-kb band was detected by the probe,
which suggested that the revertant appeared as a result of
repair of the mutation by homologous recombination between
the wt and mutant viral DNA (Fig. 6B, lane 4). These results
further confirmed that the replication defect of 31STOP was
due to the inserted mutation in ORF31.

Replication kinetics of the 31STOP virus. To study the effect
of ORF31 on viral infection, we infected noncomplementing
(BHK-21) and complementing (T-Rex-31) cells with the wt
MHV-68, wt MHV-68(BAC), the ORF31-null, and null rever-
tant viruses. To determine the titers of the four input viruses,
we performed plaque assay and serial dilution in T-Rex-31 and
BHK-21 cells. Plaques were formed in BHK-21 cells infected
with all viruses, except the ORF31-null mutant (31STOP). We
also monitored the appearance of CPE in serial dilutions of the
four input viruses. Consistent with the plaque assay result, no
CPE was detected in BHK-21 cells infected with the 31STOP
mutant. The titers of input wt MHV-68, wt MHV-68(BAC),
and the null revertant (31STOP.R) were approximately two- to
threefold higher in BHK-21 cells than in T-Rex-31 cells. We
decided to use titers of the entire input viruses determined in
T-Rex-31 cells in the infection experiment described below.

To examine whether an MHV-68 one-step growth curve is
affected by the loss of function of ORF31, we infected both
BHK-21 and doxycycline-induced T-Rex-31 cells with wt
MHV-68(BAC) or 31STOP at an MOI of 4. At the indicated
times p.i., the whole culture (including supernatant and cells)
was harvested, and the virus titer was determined. As shown in
Fig. 6C, there were no significant differences in virus titers at
0 h p.i. (P  0.05). In both BHK-21 and T-Rex-31 cells, wt
MHV-68(BAC) had entered productive phase by 8 h p.i. and
reached peak by 24 h p.i. with titers of ca. 106 50% tissue
culture infective dose(s) (TCID50)/0.1 ml and 3 � 105 TCID50/
0.1 ml, respectively, showing no significant difference (P 
0.05). Although the 31STOP mutant had similar initial titers (0
h p.i.) in both BHK-21 and T-Rex-31 cells, it did not initiate
production of infectious virus in BHK-21 cells by 24 h p.i., as
indicated by decreasing of virus titers during the course of
infection. However, in T-Rex-31 cells, ORF31-null virus had
increasingly produced infectious viral progeny by 8 h p.i. and
reached a titer of ca. 7 � 104 TCID50/0.1 ml at 24 h p.i., which

was 100-fold higher than the titer of the mutant virus pro-
duced in BHK-21 cells (P � 0.05).

To examine the viral multiple-growth curve, we infected
BHK-21 and T-Rex-31 cells with wt MHV-68, wt MHV-
68(BAC), 31STOP, or 31STOP.R virus at an MOI of 0.01 and
harvested the total virus (including supernatant and cells) at
the indicated times p.i. Virus titer was determined by serial
dilution in T-Rex-31 cells. In BHK-21 cells (Fig. 6D), replica-
tion of wt MHV-68, wt MHV-68(BAC), and 31STOP.R had
entered production phase by 2 days p.i. and reached a plateau
phase by about 4 to 5 days p.i. with a titer of approximately 3.7
to 6 � 106 TCID50/0.1 ml. On the other hand, titers of viruses
produced from 31STOP-infected BHK-21 cells were below
detection level (�10 TCID50) at every time point p.i. In con-
trast, in doxycycline-induced T-Rex-31 cells (Fig. 6E), progeny
production from all virus infections, including 31STOP, had
increased by 2 days p.i. and reached a peak by 7 days p.i. at
titers of ca. 106 TCID50/0.1 ml. No significant differences were
observed in virus titers between each virus (P  0.05), although
a delay in the replication kinetics was observed in 31STOP.
This result indicated that infection in T-Rex-31 cells can over-
come the ORF31 defect in 31STOP replication. The delay in
viral replication kinetics of 31STOP in T-Rex-31 may be
caused by the limited expression of ORF31 protein in the
complementing cell line. The results shown in both multiple-
and single-growth curves further confirmed that ORF31 is re-
quired for viral replication.

Deficiency of late viral protein expression in noncomple-
menting cells infected with 31STOP mutant. To further define
the defect in the ORF31-null MHV-68 mutant, we assessed
viral protein expression in noncomplementing (BHK-21) and
complementing (T-Rex-31) cells infected with wt or mutant
MHV-68 viruses. Prior to this experiment, we established that
the 31STOP mutant is unable to replicate in the uninduced
T-Rex-31 cells and its parental cell line (data not shown).
BHK-21 and the induced T-Rex-31 cells were infected with wt
MHV-68, wt MHV-68(BAC), 31STOP, or 31STOP.R viruses
(MOI � 0.5). At 2 days p.i., expression of the lytic viral pro-
teins was analyzed by Western blotting with specific polyclonal
antibodies to capsid proteins ORF26 and ORF65 and tegu-
ment protein ORF45 (6). ORF26, ORF45, and ORF65 were
abundantly expressed in BHK-21 cells infected with all viruses,
except the 31STOP mutant (Fig. 7A, lanes 3 through 6). Im-
portantly, these lytic viral proteins were expressed equally in
T-Rex-31 cells (Fig. 7B, lanes 3 through 6). These results were
consistent with the transient complementation assay (Fig. 5B).

DISCUSSION

ORF31 is conserved between the Beta- and Gammaherpes-
virinae subfamilies. MHV-68 ORF31 has identities of 31.3% to
its KSHV homologue, 33.6% to herpesvirus saimiri, 24.4% to
EBV, 21.3% to human cytomegalovirus, and 19.6% to HHV-6
(3, 8, 16, 24, 37). The product of ORF31 and its viral homo-
logues has not yet been characterized. We showed here that
the native MHV-68 ORF31 is a 27-kDa protein expressed
during lytic replication. RNAi results suggested that ORF31 is
critical for MHV-68 replication after transfection of virion
DNA into 293T cells. Through functional analysis of an
ORF31-null MHV-68(BAC) mutant (31STOP), we demon-
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strated that the ORF31 protein is essential for viral replication
and that its deletion causes a depletion of late viral protein
(ORF26, ORF45, and ORF65) expression. Finally, we found
that the lesion in ORF31 in 31STOP mutant virus replication
can be complemented in trans by MHV-68 ORF31 protein
and, importantly, by the KSHV ORF31 homologue.

The cellular localization of ORF31 was examined by both
indirect immunofluorescence and GFP fluorescence on cells
transfected with FLAG-tagged ORF31 or GFP-ORF31 fusion
protein expression plasmid. Both assays indicated that the
MHV-68 ORF31 is distributed evenly in both the cytoplasm
and nuclei of the transfected cells (Fig. 1C). Interestingly, the
KSHV ORF31 had a similar cellular localization to MHV-68
ORF31 (data not shown). The relationship between the sub-
cellular localization of ORF31 and its functional role is under
further investigation.

RNAi is triggered by the presence of a double-stranded
RNA in the cell, and results in the silencing of homologous
gene expression. We showed that siRNA targeted against
MHV-68 ORF31 inhibits ORF31 protein expression from plas-
mid transfection. Cotransfection of viral DNA with siRNA-
ORF31 suppresses the production of MHV-68 viral progeny,
indicating a critical role of ORF31 in viral replication. Since
the RNAi experiment did not completely abolish the ORF31
protein expression, we generated an ORF31-null MHV-
68(BAC) mutant by insertion of translation termination
codons in ORF31 to confirm the functional importance of
ORF31 in viral replication. The stop codon insertion in ORF31
ensured no functional protein would be expressed, which led to
virus production below the detection level (a drop of over 6
log10 in virus titer). Providing the FLAG-tagged ORF31 or
GFP-m31 fusion protein in trans can restore the defect in the
31STOP mutant, confirming the essential role of ORF31 in
viral replication. Importantly, the lack of ORF31 in ORF31-
null MHV-68(BAC) can also be rescued by its KSHV homo-
logue (GFP-k31). Successful complementation of the MHV-68
ORF31 function by GFP-k31 suggests that ORF31 is not only
genetically but also functionally conserved among gammaher-
pesviruses, which provides a strong argument that MHV-68

serves an appropriate model for investigating gene functions of
KSHV.
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